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Recently flow harmonics v1 − v6 have been measured in heavy-ion collisions at the LHC. The
magnitude of these coeﬃcients and their centrality dependence suggest that they are associated
with the various shape components in the initial geometry. The phases of these harmonics (re-
action plane angles, Φn) are generally correlated due to the correlations between the original
shape components in the initial geometry; the correlations between reaction planes might also
be generated dynamically during the hydrodynamic evolution of the medium. We present first
measurements of various reaction plane correlations involvingΦ2 to Φ6 in Pb-Pb collisions using
the ATLAS detector at the LHC. The large acceptance of the ATLAS EM calorimeters, cover-
ing −4.9 < η < 4.9, allows for a precise measurement of these correlations. The procedure for
obtaining these correlations and the physics implication of the results are discussed.
1A list of members of the ATLAS Collaboration and acknowledgements can be found at the end of this issue.
dk(Φn − Φm)
∝ 1 + 2
∞∑
j=1
V jn,m cos jk(Φn −Φm), (2)
dN
where, pT is the transverse momentum , η the pseudorapidity and φ the azimuth of the produced
particles. Measurements of the pT, η and centrality dependence of the harmonics vn have been
done in great detail [2]. A set of observables, very closely related to vn, are the reaction planes
Φn and correlations between them. These correlations can improve our understanding of both
the initial geometry as well as the expansion mechanism of the produced medium [3, 4, 5].
The correlations involving two planes Φn and Φm are entirely described by the diﬀerential
distribution:
dφ
(pT , η) ∝ 1 + 2
∞∑
n=1
vn(pT , η) cos n(φ −Φn), (1)
dN
In heavy-ion collisions the produced fireball has spatial anisotropies of many orders: elliptic,
triangular, etc. These anisotropies are transferred from position space to momentum space due to
the collective expansion of the medium or path-length dependent suppression of particle yields.
This results in the azimuthal distribution of the final particle yields being modulated by the flow
harmonics vn with respect to diﬀerent harmonic planes defined by their angle Φn [1]:
1. Introduction
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where, k is the lowest common multiple of n and m. The Fourier coeﬃcients of order j : V jn,m =
〈cos jk(Φn − Φm)〉, called correlators, quantify the strength of the correlations. The measured
V jn,m have to be corrected to account for the resolutions in measuring the angles Φn [8]. The
resolutions are the limiting factor in these measurements. All correlations where the resolutions
are good enough to make conclusive measurements are studied. Equation 2 can be generalized
to correlations involving three or more planes, calculated as 〈cos(c1Φ1 + 2c2Φ2 + ... + ncnΦn)〉,
with the constraint that c1 + c2 + ... + cn = 0 [8]. The two plane correlations are a special case of
this.
For this analysis, the Φn angles were measured using the ATLAS EM calorimeters covering
η ∈ (−4.9, 4.9) [7]. The reaction planes used in evaluating the correlations were measured in
separate parts of the detector so that the same particles are not used in their determination. This
removed any auto-correlation eﬀects. Non-flow correlations were minimized by requiring an η
gap between the calorimeter segments used in measuring the Φn. For the two-plane correlations,
the minimum η gap was 1.0 units while for the three-plane correlations, it was 0.6 units. All
correlations were cross-checked using the tracking detectors which gave consistent results. All
measurements were done using ∼ 8 μb−1 of Minimum Bias Pb-Pb data at √sNN of 2.76 TeV.
Details of the results presented here are published in [8].
2. Two and three plane correlations
The top two rows of Fig. 1 show the measured two plane correlators as a function of the
number of participating nucleons. The bottom two rows show the corresponding set of correlators
calculated using the initial energy density distributions in a Glauber geometry, as well as the
correlations after the initial geometry has been evolved hydrodynamically [6].
From the first three panels of Fig. 1 it can be seen that the Φ2- Φ4 correlations increase from
zero in most central events to very large values for mid-central and peripheral events. As one
can see from the panels in the third row, the 〈cos 4(Φ2 − Φ4)〉 and 〈cos 12(Φ2 − Φ4)〉 correla-
tions calculated in Glauber initial geometry are in disagreement with the data. However, after
hydrodynamic evolution the expected values match the data qualitatively, suggesting that these
correlations are generated during hydro evolution. The fourth panel in the top row of Fig. 1 shows
the 〈cos 6(Φ2−Φ3)〉 correlation. It can be seen that the correlation is consistent with zero in most
central events but for peripheral events while small, is non-zero. The first panel in the second
row shows the 〈cos 6(Φ2 − Φ6)〉 correlation which increases from zero in most central events to
moderately large values in mid-central collisions. The next panel shows the 〈cos 6(Φ3 − Φ6)〉
correlation. Unlike all other two-plane correlations, this correlation is non-zero in most central
events and its magnitude gradually decreases with decreasing Npart . The Glauber model fails to
predict both the sign and the magnitude of this correlation, but the full hydrodynamic evolution
correctly reproduces the features seen in the data. The last two panels of the second row show
the 〈cos 12(Φ3 −Φ4)〉 and 〈cos 10(Φ2 −Φ5)〉 correlations. Both of them are consistent with zero
across all centralities.
The top two rows of Fig. 2 show the six measured three-plane correlations as a function of
Npart and the bottom two rows show the corresponding correlations calculated from the initial
energy density distributions in the Glauber geometry and the correlations after hydrodynamic
evolution. For the correlations that are non-zero, shown in panels 1-3 (the top row of Fig. 2),
and 5 (middle one in the second row), it can be seen that expectations from the Glauber model
do not match the data well, but like for the two-plane correlations, hydrodynamical evolution
qualitatively reproduces the Npart dependence seen in the data.
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Figure 1: Top two rows: The eight two-plane correlators as a function of 〈Npart〉 [8]. The error bars and shaded bands
indicate the statistical uncertainty and systematic uncertainty respectively. Bottom two rows: The correlations calculated
in a Glauber initial geometry using the energy density (open points) and after hydrodynamic evolution (solid points) [6].
3. Summary
Several correlations between two and three reaction planes are measured. Significant corre-
lations are observed for 〈cos 4(Φ2 −Φ4)〉, 〈cos 8(Φ2 −Φ4)〉, 〈cos 12(Φ2 −Φ4)〉, 〈cos 6(Φ2 −Φ6)〉,
〈cos 6(Φ3−Φ6)〉, 〈cos(2Φ2+3Φ3−5Φ5)〉, 〈cos(2Φ2+4Φ4−6Φ6)〉 and 〈cos(−10Φ2+4Φ4+6Φ6)〉.
A small but non zero correlation is measured for 〈cos(6(Φ2 − Φ3))〉 and a negative correlation is
measured for 〈cos(2Φ2 − 6Φ3 + 4Φ4)〉.
Among the non-zero correlations, only 〈cos 8(Φ2−Φ4)〉 and 〈cos 6(Φ2−Φ6)〉 are qualitatively
similar to expectations from the Galuber model, while others are not. However hydro evolution
of the Glauber model initial state reproduces the qualitative features seen in the measured corre-
lations. These correlations are thus expected to be generated dynamically during hydrodynamic
evolution.
These measurements provide new constraints for models and can be used to check what kind
of initial conditions (Glauber/CGC/KLN) better describe the data [6], and for a given set of initial
conditions, what kind of medium response would produce these correlations (linear/non-linear
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Figure 2: Top two rows: The six three-plane correlators as a function of 〈Npart〉 [8]. The error bars and shaded bands
indicate the statistical uncertainty and systematic uncertainty respectively. Bottom two rows: The correlations calculated
in a Glauber initial geometry using the energy density (open points) and after hydrodynamic evolution (solid points) [6].
or ideal/viscous hydro) [6].
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